The main purpose of this work is the study of an AZ31 magnesium alloy stent expansion behaviour, without considering the contact definitions, by using the finite element method.
I. INTRODUCTION
In the last years, the number of cases of ischemic heart diseases have been increasing, being one of the main causes of death in the world. Most of these problems are caused by atherosclerosis, a pathology characterized by the deposition of fatty material along the arteries walls, what may lead to thicken, harden or even block of the blood vessels, resulting in an insufficient blood flow to the heart. Problems such as heart attack, stroke and even death may occur as consequence of the reduction of the blood flow [4, 5] .
Balloon angioplasty with stenting, bypass surgery and atherectomy are some procedures that can be used to revascularise a blocked artery [5] . The implantation of a stent to reopen a blood vessel and restore the normal blood flow is one of the most popular techniques [6] .
Typically, the stent is crimped on a deflated balloon and placed into the artery by a catheter system. After this stage, the balloon is inflated, causing the gradual stent deformation until the target deployment diameter be reached. The balloon returns to its original shape and is extracted out with the catheter system [7] .
Nowadays, the stent technology is based on the implantation of permanent devices which are made from corrosion-resistant metals and can cause problems as long-term endothelial dysfunction, permanent physical irritation and chronic inflammatory local reactions, among others [8] . This solution has some drawbacks in its widespread application because of its long-term biological incompatibility [9] .
The stent scaffolding effect must last for 6-12 months in order to allow the artery remodeling and healing. When this process is concluded, the implant is not needed anymore, so biodegradable materials are an interesting solution: after the accomplishment of their purpose, they degrade themselves without risks for the human organism [10] . Thus, the materials used in biodegradable stents manufacturing must be biocompatible and capable of staying in the human organism while the scaffolding effect is needed. As the stent will be degraded by its interaction with the human organism, the products of this process must also be biocompatible [11] .
Magnesium alloys are one of the most popular options for biodegradable stents. The biocompatibility of these materials is well-known [10] and the magnesium is an essential element of the human organism. Besides this, magnesium does not represent any carcinogenic risk [12] . In order to improve the mechanical properties, magnesium alloys are the preferred option.
II. SIMULATION STRATEGIES
The use of Finite Element Analysis provides information about the biomechanical behavior of the system during the stent implantation process. This technique is faster and less expensive and invasive than experimental methods [5] .
Several simulation strategies with different complexity and accuracy levels were proposed by different authors. In the first approaches, the process was simulated using only the stent model, without considering the contact effects with the vessels and the plaque [14] . In order to achieve better results, more complex models were tested, including different elements of the real system (blood vessel, plaque and balloon).
Gervaso et al. [15] studied both influence of the simulated system and load application conditions in order to conclude about which method allowed to reach results consonant with those proposed by the manufacturers. Three different methods were tested: i) pressure application on the stent inner surface with no balloon; ii) free rubber cylinder inside the stent and
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iii) folded balloon. The obtained results showed that only the model where the balloon expansion inside the stent promoted its expansion provided similar to manufacturers data results. These results were in agreement with those obtained by M. de Beule et al. [16] .
In what concerns to the material models of the system constituents, some formulations were proposed and studied, namely linear isotropic [18] and hyperplastic material models [3, 22] , using Mooney-Rivlin description. The correct definition of material properties such as Young's modulus, density and Poisson's ration is crucial to reach reliable results. Once this is a large deformation problem, it is also important the correct definition of the hardening model.
Besides the simulated system and the material model formulation, the definition of boundary conditions is an important step of the pre-processing stage, being necessary to accurately define the constraints and loading conditions, which influences the results applicability to the reality and its reliability.
Once again, many studies were developed in this scope. Ning Li and Yuanxian Gu [21] only considered the large deformation of the stent, neglecting all the contacts and its effects on the expansion behavior of the device.
A more complex study was carried on by Misagh Imani et al [1] , where the contact between the different elements of the system were considered, being assumed that both ends of the balloon were completely fixed and only the nodes of the artery ends were able to move radially. The plaque and the artery were defined as bounded. The load application was defined by steps: i) first, it was applied a constant pressure equal to 13.3 kPa in both artery and plaque, in order to simulate a 100 mmHg blood pressure [19] ; ii) in a second stage, it was applied a constant pressure in the balloon inner surface, leading to its expansion.
Another study was developed by Schiavone and Zhao [22] that defined the constituents of the system (stent, artery and plaque) as a hard contact, characterized by a friction coefficient of 0.25. These authors also studied different combinations of boundary conditions, mainly constraints, in order to study its influence on stent expansion. The balloon was fixed in its ends to simulate its connection to the catheter used in the stenting process, the axial moves were blocked and radial expansion was allowed.
The geometry optimization is one of the most important aims of stenting process studies, however, there are few works in this scope, most of all developed in clinical context. Aiming to study and compare different solutions, Misagh Imani et al. [1] simulated different stent geometries in order to analyze its behavior and compare the obtained results in terms of stress distribution, radial expansion and dogboning.
Shankaran and Karrupaswamy [2] developed a more efficient optimization method by the parametrization of some variables such as thickness, whose values varied in a defined range, allowing to conclude about which solution is more advantageous in terms of the referred parameters.
III. SIMULATION MODEL
The good performance of the stent is assured by its capability of suffering a plastic deformation that allows the reopen of a blocked vessel, reason why this is a large deformation problem, implying a non-linear analysis.
This work presents the simulation of radial expansion of two different stent geometries, Lozenge and Palmaz-Schatz, in order to evaluate the required expansion pressure, the equivalent plastic strain imposed by the large deformation and the dogboning, foreshortening and recoil phenomena.
The stent radial expansion is a structural mechanics problem and it was studied using a quasi-static analysis in COMSOL Multiphysics.
A. Geometric Models and Material Properties
Palmaz-Schatz model is characterized by its straight lines, which form a grid that allows the uniform load application in the stent inner surface.
Lozenge model is a simple geometry which resembles a lozenge mesh.
Both models (Fig. 1 ) have inner radius of 0.74 mm, length of 10 mm and thickness of 0.1 and 0.2 mm. The selected material is a AZ31 magnesium alloy, defined as homogeneous, isotropic and elastoplastic, being used the plasticity model of Von Mises for large deformations. It is used an isotropic hardening model based on stress-strain material curve data. The curve that describes the plastic behavior of the material is defined by (1).
Where is the yield stress, equal to 174.8 MPa, is the plasticity stress, equal to 315.6 MPa, is a constant, equal to 16.3 and ɛ is the plastic strain.
B. Boundary Conditions and Loading Application
Due the radial and longitudinal symmetries, only a one twelfth of the Lozenge model and a one twenty-fourth of the Palmaz-Schatz model are simulated.
The symmetry conditions are applied at one end of the models and at its lateral surfaces, which allows its radial expansion and longitudinal deformation as result of it.
The process simulation has two different stages: i) balloon insufflation inside the stent until the target diameter is reached; ii) reduction of the applied pressure to zero, which allows the recoil phenomenon of both artery and stent.
In this work, it is studied the referred parameters for a radial expansion equal to 2 mm which corresponds to 170% of expansion relatively to the initial radius.
IV. RESULTS

A. Radial Expansion and Required Pressure
The geometries behavior was studied considering a radial expansion equal to 2 mm which means that its final diameter is 4 mm. The obtained results of required pressure to promote the referred deformation are presented in Fig. 2 . By the analysis of the obtained results, it is possible to conclude that, considering the same thickness, the Lozenge model requires higher expansion pressure than the PalmazSchatz model to promote the desired radial expansion.
The increase in thickness leads to the increase of the required expansion pressure in both models.
Considering a thickness of 0.1 mm and an expanded diameter equals to 4 mm, the Lozenge model requires 0.76 MPa and the Palmaz-Schatz requires 0.62 MPa, which represents a difference higher than 22.5%.
B. Dogboning
Dogboning is the used term of art to refer to the expansion of a stent at the proximal and distal ends, assuming a shape near to that of a dog bone. This parameter is used to evaluate the stent performance, once this shape can compromise the vessel integrity and, eventually, cause injuries.
In terms of dogboning, the obtained results are presented in Fig. 3 . The obtained results analysis suggests that, for a thickness equals to 0.1 mm, the Palmaz-Schatz model presents higher values of dogboning than the Lozenge model, which means that the first model is more propitious to provoke injuries in the blood vessels than the second model. For a thickness of 0.2 mm, the dogboning values are similar for both models, being higher than those of Lozenge model and thickness of 0.1 mm and lower than those of Palmaz-Schatz model and thickness of 0.1 mm.
C. Foreshortening
Foreshortening is a performance parameter that corresponds to the percentage by which the length of the stent decreases from its initial state (initial length). Fig. 4 presents the obtained results in terms of foreshortening for both models and thicknesses. By the analysis of the data provided by Fig. 4 , it is possible to conclude that Lozenge model presents higher values of foreshortening than Palmaz-Schatz model, which means that it suffers a higher reduction of length as its diameter expands.
The maximum value of foreshortening is similar for both values of thickness.
Considering a thickness of 0.1 mm, the reduction of the stent length is approximately 75% for Lozenge model and 25% for Palmaz-Schatz model.
D. Recoil
The percentage by which the diameter of a stent decreases from its expanded diameter (when the balloon is inflated at the nominal pressure) to its relaxed diameter (when the balloon is retrieved from the stent) is designed recoil.
The obtained results in terms of longitudinal, central and distal recoil are presented in Table I . In terms of recoil evaluation, the obtained results show that the longitudinal recoil is higher for Lozenge model than for Palmaz-Schatz model, even though distal and central recoil values are lower for Lozenge model. Besides this, for higher values of thickness, the recoil values are lower for both models.
V. CONCLUSIONS
In this study, the required expansion pressure to promote the stent radial deformation from radius of 0,74mm to 2mm was studied for Palmaz-Schatz and Lozenge models, as well as its performance in terms of dogboning, foreshortening and recoil.
By the obtained results analysis, it is possible to conclude: Greater thicknesses require higher expansion pressures; Palmaz-Schatz model requires higher expansion pressures than Lozenge model to promote the same radial expansion (4mm); In terms of dogboning, considering a thickness of 0.1mm, Lozenge model presents better performance than Palmaz-Schatz model. For thickness equal to 0.2mm, the obtained results are similar for both models; For both values of thickness, Palmaz-Schatz presents better performance than Lozenge in terms of foreshortening; In what concerns to stent recoil, Palmaz-Schatz presents better results for longitudinal recoil but poorer ones for distal and central recoil.
